The influence of trivalent dopants (rare-earths, RE) on the structure, composition and electrochemical reactivity of UO 2 has been investigated using scanning electron microscopy (SEM/XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy and cyclic voltammetry (CV). This was achieved by comparing the behavior of undoped UO 2.002 , a slightly doped 1.5 at% SIMFUEL, and two rare-earth doped UO 2 (6 wt% Gd-UO 2 and 12.9 wt% Dy-UO 2 ) specimens. The reactivity decreased in the order UO 2.002 > SIMFUEL > Dy-UO 2 > Gd-UO 2 , showing that this decrease is a consequence of RE III doping. Raman spectroscopy showed this could be attributed to the formation of RE III -oxygen vacancy clusters whose formation decreases the availability of the vacancies required to accommodate the injection of oxygen interstitials during anodic oxidation. The safe disposal of spent nuclear fuel (SNF) is one of the key issues facing the modern nuclear power industry, and a major international effort is underway to develop safe management and disposal procedures. One potential management strategy in Canada is permanent disposal in a deep geologic repository.
The safe disposal of spent nuclear fuel (SNF) is one of the key issues facing the modern nuclear power industry, and a major international effort is underway to develop safe management and disposal procedures. One potential management strategy in Canada is permanent disposal in a deep geologic repository. 1 The spent fuel would be sealed in metallic containers, emplaced in a repository and surrounded with compacted clay. The prospects for long term containment using copper containers are very good and corrosion models predict only minimal corrosion damage should be sustained. 2, 3 However, if failure were to occur, contact of the fuel wasteform (uranium dioxide (UO 2 )) with groundwater would become possible. Although the solubility of UO 2 is very low under the anticipated anoxic conditions, radiolysis of the groundwater, due to the inherent radioactivity of the spent fuel, could lead to fuel corrosion, the U(IV) in the fuel being oxidized to the significantly more soluble U(VI) state. 4 This would make radionuclide release to the groundwater possible.
Spent fuel is mainly UO 2 (> 95%), the remainder being the radioactive fission products and actinides produced during the in-reactor process. The inventory of radionuclides within the fuel depends on in-reactor burn-up and the linear power rating of the fuel. 5 Formation of these products leads to many physical and chemical changes within the fuel, 5 and post irradiation inspection of the fuel shows the presence of both volatile and non-volatile fission products. While volatile products may escape to the fuel-cladding gap, the non volatile products remain fixed within the fuel matrix in three distinct phases: the lanthanides in the fcc-fluorite lattice; the noble metals in metallic precipitates; and radionuclides unstable in the fluorite matrix in mixed metal oxides (perovskites). 6 The key changes likely to influence the chemical reactivity of the UO 2 matrix are the rare earth (RE) doping of the matrix and the development of non-stoichiometry. 7 Micro Raman spectroscopic studies show that non-stoichiometry leads to very significant changes in fuel structure as x (in UO 2+x ) increases. 8 Close to stoichiometry there is an increase in randomly distributed O interstitial defects as x increases. As the degree of non-stoichiometry increases further these defects associate into clusters, and for a sufficiently high degree of non-stoichiometry cuboctahedrals clusters are formed. 8, 9 Studies using atomic force microscopy (AFM), current sensing AFM and scanning electrochemical microscopy clearly demonstrate that the fuel reactivity increases as the extent of defect clustering increases. 7 While the exact anodic oxidation mechanism remains to be resolved, the extent of oxidation on a surface close to stoichiometric appears to be limited by the low O interstitial (O I ) mobility within the matrix. At higher degrees of non-stoichiometry the formation of defect clusters enhances O I mobility in the matrix facilitating a deeper and more extensive surface oxidation.
Considerable experimental evidence exists to show that fission product and actinide-lanthanide doping have a significant effect on the kinetics of air oxidation of the fuel, [10] [11] [12] [13] and preliminary electrochemical experiments on SIMFUEL suggest a similar influence in aqueous environments. 6 Since there has been a continuous trend toward higher in-reactor fuel burn-up, [14] [15] [16] the extent of doping and its influence on reactivity are becoming more important. Both the mechanism and the rate of oxidation are influenced by the presence of dopants. The reaction proceeds in two stages
The first step involves the diffusion of O through the growing surface oxidized layer of either U 4 O 9 (O:U = 2.25 to 2.4) or tetragonal U 3 O 7 (O:U = 2.33), while the second step involves a recrystallization via a nucleation and growth mechanism to the orthorhombic U 3 O 8 .
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A key feature of this oxidation process is that the nature of the intermediate phase changes as the doping level is increased. For pure, or lightly doped, UO 2 oxidation occurs relatively rapidly to the tetragonal U 3 O 7 and the subsequent conversion to orthorhombic U 3 O 8 is easily completed. However, the oxidation of UO 2 containing large amounts of dopants (such as Gd) is kinetically slower and proceeds through U 4 O 9 which retains the fluorite structure and is kinetically more difficult to transform to U 3 O 8 . These observations are supported by a range of studies with SIMFUELs, 17, 18 LWR fuels (highly doped) 19 and CANDU fuels (lightly doped). 20 Park and Olander 21, 22 offered an explanation for the stabilization of RE III -doped UO 2 against oxidation based on O potential calculations, this potential being an indirect indicator of oxide-defect structure. A defect model for Gd-doped UO 2 was developed based on their original model for UO 2 which incorporated both intrinsic point defects and defect clusters. Experimental O potential data could be fitted by assuming Gd dopants existed mainly as isolated defects in the cation sublattice of the oxide. As the Gd content increased the Gd dopants were stabilized by the formation of dopant-oxygen vacancy clusters (O V ). This leads to a reduction in availability of the interstitial sites required for the incorporation of O I during oxidation.
However, there is considerable evidence to show that the RE IIIdoped matrix contains two distinct phases depending on the dopant content. [23] [24] [25] This separation into two phases is seen as a competition between O V and U V formation in order to ensure electroneutrality within the doped matrix.
In this study we have investigated the electrochemical reactivity of two RE III -doped, an undoped and a SIMFUEL electrode, and correlated this reactivity to their oxide structures determined by Raman spectroscopy. SIMFUELs are UO 2 pellets doped with non-radioactive elements including rare earths (Ba, Ce, La, Sr, Mo, Y, Zr, Rh, Pd, Ru, Nd) to replicate the chemical effects of in-reactor irradiation, and have been well studied electrochemically. 26 The RE III -doped electrodes employed were doped with Gd (6.0 wt%) and Dy (12.9 wt%). While all rare earth dopants are not expected to have an identical effect on UO 2 , 22 this comparison offers a first opportunity to determine their influence on the oxidative behavior of UO 2 in an aqueous environment.
Experimental
Electrode material and preparation.-Experiments were performed on a UO 2.002 , 1.5 at% SIMFUEL, 6.0 wt% Gd 2 O 3 (rare-earth) doped UO 2 (Gd-UO 2 ) and 12.9 wt% Dy 2 O 3 (rare-earth) doped UO 2 (Dy-UO 2 ) electrodes. Fuel pellets of UO 2.002 , SIMFUEL and Dydoped UO 2 pellets were fabricated and supplied by Atomic Energy of Canada Limited (AECL, Chalk River, Canada) and the Gd-doped UO 2 by Cameco (Port Hope, Canada). All the pellets were sintered and reduced to produce high density stoichiometric ceramics. The pellets were cut into 2 mm thick slices and fabricated into electrodes using our previously published procedure. 27 Electrochemical procedure.-Prior to experiments, electrodes were prepared by polishing on wet 1200 grit SiC paper and rinsed with distilled deionized water. Subsequently, the electrodes were electrochemically reduced at −1.2 V for 2 min (vs. SCE) to remove any air-formed oxides or organic contaminants present on the surface. Cyclic voltammetric experiments were performed by scanning the potential from −1.2 V to an anodic limit of ≤ 0.4 V and back at a scan rate of 10 mV.s −1 .
Solution preparation.-Solutions were prepared using distilled deionized water (resistivity (ρ) = 18.2 M cm) purified using a Millipore Milli-Q plus unit which removes organic and inorganic impurities. Experiments were performed in 0.1 mol.L −1 NaCl (Caledon) solution purged with Ar gas (Praxair). The solution pH was monitored with an Orion model 720A pH meter and adjusted to 9 using 0.1 mol.L −1 NaOH.
Electrochemical cell and equipment.-A standard three-electrode, three-compartment cell was employed for all the experiments. The three compartments were separated by glass frits to avoid contamination of the working electrode. A Luggin capillary was used to minimize the ohmic potential drop due to solution resistance between the reference and working electrode. A Pt sheet (∼ 6 cm 2 ) spot-welded to a Pt wire was used as the counter electrode. A Solartron model 1287 potentiostat was used to control applied potentials and to record current responses. Corrware, version 3.0, software was used to analyze the data. The current interrupt method was employed to compensate for voltage drop due to ohmic resistance in the electrodes. All potential measurements were recorded against a saturated calomel reference electrode (SCE).
SEM/EDX measurements.-A Hitachi S-4500 Field emission scanning electron microscope (SEM) equipped with an energy dispersive X-ray (EDX) analyzer was used to collect images and determine elemental compositions. SEM micrographs were obtained on polished electrodes with the electron beam potential ranging from 10.0 kV to 15.0 kV according to requirements. The working distance was set at 10 mm during image collection. EDX mapping was used to determine the distribution of the dopants in the host UO 2 matrix. A number of randomly located areas of the surface were examined to determine whether the elemental composition was uniform.
Raman analysis.-All the Raman spectra were acquired using a Renishaw 2000 confocal Raman spectrometer (Renishaw PLC., UK). Raman active vibrations were excited on a UO 2 sample by a HeNe laser with a wavelength of 632.8 nm which produces a focused beam of about 2 μm diameter at the sample surface. The laser was used at 50% power to avoid any specimen heating effects since small changes in temperature can easily produce small changes in the frequency and width of Raman lines. The Raman spectrometer was calibrated using a Si crystal standard at room temperature. The laser beam was focused onto the sample using a Leica DMLM microscope with a 50x uncoated objective lens. Each spectrum was measured for an exposure time of ∼ 45 sec over the wavenumber range 120 to 1400 cm −1 . Repeated measurements were conducted at different locations on the electrode to ensure that bands do not show any shifts in vibrational frequency. After the measurement, the Gaussian-Lorentzian peak model and a Shirley baseline correction were used to fit the Raman peaks.
XPS analysis.-XPS spectra were recorded on a Kratos Axis Ultra spectrometer using an Al K α (15mA, 14 kV) monochromatic high energy (hν = 1486.6 eV) radiation source. The instrument work function was set to give a value of 83.96 eV for the binding energy (BE) of the Au (4f 7/2 ) line of metallic Au. The spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p 3/2 line of copper metal. Charge neutralization was used on all the specimens. The C 1s peak at 285.0 eV was used as a standard, to correct for surface charging, when required. All spectra were analyzed using CasaXPS software (version 2.3.14) and involved a 50% Gaussian and 50% Lorentzian fitting routine with a Shirley background correction. The procedure used to deconvolute the U4f spectra into contributions from U IV , U V , and U VI has been described elsewhere. [28] [29] [30] [31] The satellite structures close to the U4f 5/2 peak, and the valence band region were used to check the validity of the spectral fit. Figure 1 shows the surface morphology of polished 1.5 at% SIMFUEL, Gd-UO 2 and Dy-UO 2 electrodes at two magnifications. SEM images collected on the SIMFUEL micrographs show some porosity in the structure, Fig. 1a , which is commonly observed on the undoped UO 2.002 . 7 SIMFUEL specimens have been characterized earlier in detail. 6, 32, 33 The Gd and Dy-doped UO 2 micrographs showed a similar porosity (Fig. 1b, 1c) . EDX measurements were performed on a number of locations on the two rare earth doped electrodes, and representative patterns are shown in Figs. 2 and 3. As expected, EDX maps show a homogeneous distribution of the doping elements. No accumulation of Gd (as Gd 2 O 3 ) or Dy (as Dy 2 O 3 ) was observed. Also, analyses of randomly chosen locations confirmed that the Gd and Dy were both uniformly distributed as dopants in the UO 2 matrices. On this scale there is no evidence of the two phases observed by others.
Results

SEM/EDX analysis.-
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Surface electrochemistry.-Cyclic voltammetric (CV) experiments were conducted on each electrode to determine their electro- chemical reactivity, especially their susceptibility to anodic oxidation. Figure 4 shows IR-compensated CVs recorded on the four electrodes. The current-potential profiles, Fig. 4a , are similar on all four electrodes but the current densities recorded differ considerably especially at the anodic and cathodic limits of the scan. The expanded sections in Fig. 4b show that the distinct stages of oxidation/reduction observed differ in current density on the four electrodes. The more erratic current observed on the UO 2.002 electrode can be attributed to the greater difficulty in applying the IR compensation to this electrode which has a resistance ∼ 10 2 that of the other three electrodes. At the cathodic limit of the scan the currents can be attributed to H 2 O reduction to H 2 . The very high current for this reaction on the SIMFUEL electrode, Fig. 4 , has been shown to be due to the catalysis of this reaction on the noble metal particles present in this material. While considerably lower than on SIMFUEL, the heavily-doped Dy-UO 2 and undoped UO 2.002 electrode supports a measurably higher current for this reaction than the Gd-UO 2 electrode.
In the potential range −0.8 V ≤ E ≤ −0.4 V (region I, Fig. 4b ) no significant oxidation current was observed on any electrode. In previous studies, current in this potential range has been attributed to the oxidation of hyperstoichiometric (UO 2+x ) surface sites. 27, 34 Over the potential range −0.4 V ≤ E ≤ 0.0 V (region II), a shallow increase in anodic current is observed on the UO 2.002 and SIM-FUEL electrodes and, to a lesser degree, on the Dy-UO 2 electrode. No significant current increase is observed on the Gd-UO 2 electrode. The current increase commences for E ≥ −0.4 V. Anodic oxidation in this region has been studied extensively on 1.5 at% SIMFUEL and surface oxidation clearly demonstrated by X-ray photoelectron spectroscopy. 27 Oxidation involves the incorporation of O 2− ions into interstitial sites in the stoichiometric UO 2 lattice (i.e., the creation of O interstitial ions, O I ) accompanied by the conversion of U IV to U V . Oxidation at these locations yields a surface layer of U Although difficult to demonstrate, it has been claimed that the limiting composition of the UO 2+x surface is UO 2.33 . 34 On hyperstoichiometric surfaces oxidation in this region, which commences in region I, can be extensive since O 2− diffusion to sub-surface locations is facilitated. 35 The very low currents observed, on the more reactive UO 2.002 and SIMFUEL, are consistent with these electrodes being close to stoichiometric. This can be appreciated by comparing the anodic currents in this region to those observed on non-stoichiometric UO 2 -Y 2 O 3 electrodes. 36 However, currents on UO 2.002 are marginally higher than those recorded on the SIMFUEL due to the slight non-stoichiometry present in this electrode. 7 For the four electrodes investigated, the currents in this potential region are in the order
For the potential range 0.0 V ≤ E ≤ 0.3 V (region III) the anodic current increases markedly on UO 2.002 , SIMFUEL and Dy-UO 2 but only slightly on Gd-UO 2 . This increase has been shown to be due to the onset of U VI formation and dissolution as UO 2 2+ . 34 In the neutral to slightly alkaline solutions employed in these experiments, the U VI accumulates on the electrode surface as UO 3 .yH 2 O, although dissolution can be maintained by a decrease in pH as a consequence of U VI hydrolysis as the current increases at potentials > +0.3 V. 37 The order of reactivity in this potential range is the same as at the lower potentials. This is not surprising since the formation of UO 2+x is a precursor to the formation of U VI ,
In this regard electrochemical oxidation in an aqueous environment follows a similar sequential process to that observed in air oxidation. Figure 5 compares the currents recorded at 0 V and 0.3 V for all four electrodes (i.e., the first and second steps, respectively, in equation 3).
On the reverse scan the extent of oxidation of the electrodes can be gauged by the size of the reduction peak in region IV. This peak has been shown to be due to the cathodic reduction of the UO 2+x /UO 3 the reduction peak, is the highest. This indicates a more extensive UO 2 matrix oxidation and conversion to U VI attributable to the slight non-stoichiometry present in this electrode. 7 For, SIMFUEL and Dy-UO 2 the reduction charge is approximately the same, although the reduction process is partially obscured on the SIMFUEL by the H 2 O reduction current. By comparison, the extent of oxidation of the Gd-UO 2 electrode is minor, as expected considering the very small anodic oxidation currents measured on this electrode.
Considering the large difference in anodic currents observed at E > 0.1 V, the similarity in the extent of oxidation of SIMFUEL and Dy-UO 2 is surprising. A possibility is that both electrodes experience a similar degree of oxidation to the UO 2+x stage, but the subsequent oxidation to U VI is inhibited on the Dy-UO 2 electrode leading to a lower anodic dissolution current but a similar degree of surface oxidation compared to SIMFUEL. In the absence of surface analytical evidence this claim is unproven.
Based on these results, the anodic reactivity is in the order noted in equation 2. Since three of the electrodes are RE III -doped, the small extent of anodic oxidation on these electrodes is consistent with the expectation from air oxidation results that the reactivity will be lim- ited. However, the expectation that the extent of oxidation will be proportional to the total RE III content is not borne out, since the more heavily doped Dy-UO 2 electrode is more extensively oxidized than the Gd-UO 2 electrode.
Raman analyzes.-Raman spectroscopy has been commonly used to investigate the structure of the U-O system. 6, 8, 9 Uranium dioxide has a cubic fluorite structure and belongs to the space group O h (Fm3m) 38 and should exhibit two vibrational modes; i.e., a Raman-active phonon (T 2g ) and an infrared-active phonon (T 1u ). 39 This structure possesses six optical-phonon branches which show three zone-center frequencies i.e 278 cm −1 , 445 cm −1 and 578 cm −1 corresponding to the doubly degenerate IR active (T 1u ) TO mode, the triply degenerate Raman active (T 2g ) mode, and the nondegenerate IR active (T 1u ) LO mode. Therefore, Raman scattering for pure UO 2 should generate a fundamental vibrational stretch at ∼ 445 cm −1 and a second band at ∼ 1150 cm −1 . The 445 cm −1 band is ascribed to the symmetric stretching mode which arises due to oxygen breathing vibrations around U IV in the fluorite structure. The second band at ∼ 1150 cm −1 was initially reported by Graves 39 on single crystal UO 2 and by Schoenes and Manara 40,41 on polycrystalline UO 2 using a similar source (514 nm laser) and attributed to a crystal field transition ( 5 → 3 ) (for the quasi-perfect fluorite structure). More recently this band has been reassigned as an overtone (2L-O) of the first order L-O phonon (575 cm −1 ). 42 Manara et al. 41 claimed this band can be taken as a fingerprint for the quasi-perfect fluorite structure and showed that its intensity decreased considerably as the defect structure due to increasing non-stoichiometry developed. This assignment was recently confirmed by He et al. 8 Raman spectra recorded on the four electrodes are shown in Fig. 6 . While all four exhibit similar structure, the relative peak intensities differ considerably. A number of general features can be noted: Figure 6 . Raman spectra recorded on four freshly polished UO 2 electrodes.
(iii) The peak at 445 cm −1 shifts to a higher wavelength and appears to develop asymmetry on the high wavenumber side. (iv) The broad band in the region 500 to 700 cm −1 becomes dominant as the doping level increases and its structure changes considerably.
(v) The intensity of the small peak at ∼ 155 cm −1 decreases with increasing doping level.
UO 2.002 .-The Raman spectrum for UO 2.002 , Fig. 6 , is consistent with the literature 6,9 and exhibits a sharp peak at 445 cm −1 and a broad one at 1150 cm −1 , as expected for close to stoichiometric UO 2 . 9 The multi-component broad band in the 500-700 cm −1 region and the small peak at 155 cm −19,38 are not present indicating the UO 2 lattice does not contain significant defects and distortions. SIMFUEL.-Raman and XRD analyses on a range of SIMFUELs (1.5 at%, 3.0 at% and 6.0 at%) have been reported. 6 The XRD diffraction patterns indicated a decrease in UO 2 lattice constant with an increase in simulated burn-up consistent with published literature. However, whether or not this can be attributed to rare earth doping alone is dubious since the influence of dopants on the UO 2 lattice parameter has been shown to vary with the identity of the dopant. Kapoor et al 43 observed a decrease in lattice constant when the dopant was Gd, whereas Wilson et al 44 reported an increase with La. In addition, the presence of Zr in these SIMFUELs would be expected to have an over-riding influence on the lattice constant. 6 The Raman spectrum recorded on the SIMFUEL shows the presence of both the peaks at 445 and 1150 cm −1 similar to near stoichiometric UO 2 , with the band at 1150 cm −1 being comparatively weak compared to that at 445 cm −1 consistent with a distortion of the cubic fluorite lattice.
The broad band between 500-700 cm −1 observed here on the 1.5 at% SIMFUEL was attributed to UO 2 lattice damage, due to the formation of defects caused by doping. Previously, a broad band centered at 585 cm −1 observed on single crystal UO 2 was deconvoluted into bands at 578 and 640 cm −1 . 38 The band at 578 cm
has been attributed to the longitudinal optical (LO) component of the T 1u mode which arises due to the crystal lattice disorder whereas the band at 640 cm −1 (observed at 630 cm −1 ) 9 has been attributed to distortion of the anion sublattice 8 and more recently attributed to a vibrational mode involving atoms in clusters of interstitial O atoms. Based on these considerations, this broad band for 1.5 at% SIMFUEL was deconvoluted into three peaks at ∼ 540, 570 and 640 cm −1 , Fig. 7a . The peak at 570 cm −1 was shown to be independent of doping level in the series of SIMFUELs investigated previously 6 and is associated with the close-to-perfect fluorite structure. 8 While previously observed in the series of SIMFUELs the peak at 540 cm −1 was unassigned although it was tentatively suggested it could be attributed to the formation of a phase with a perovskite (ABO 3 ) structure. 6 While this may have been a possibility in SIMFUELs containing dopants such as Ba and Sr (able to occupy A sites) and Zr (B sites), it is highly unlikely in a matrix containing only RE III cations. The prominent peak at 640 cm −1 has been associated with the cuboctahedra constituting the U 4 O 9 phase 8,9 and would not be expected in this stoichiometric SIMFUEL. A new assignment for this peak will be offered below. Gd-UO 2 .-For the Gd-UO 2 specimen the intensity of the peak at 450 cm −1 is considerably lower than observed on the SIMFUEL and, especially, UO 2.002 , and the band at 1150 cm −1 is very weak confirming the degradation of the fluorite structure due to doping, Fig. 6 . Relative to these two peaks, the broad band in the 500 to 700 cm −1 wavelength region becomes more intense than observed for SIMFUEL.
Deconvolution of this region shows that the peak at 540 cm
dominates over those at 570 cm −1 and 640 cm −1 , Fig. 7b . As noted above, the peak at 540 cm −1 is not observed in undoped UO 2 . However, a peak at ∼ 560 cm −1 , observed on RE III -doped (Gd, La, Pr, Nd, Eu) CeO 2 (which has a similar fluorite lattice to UO 2 ) has been attributed to the creation of oxygen vacancies (O V ). 45 The presence of such vacancies in UO 2 would be consistent with the calculations of Park and Olander, 21, 22 and the observations of Desgranges et al 25 who attributed a peak at this wavenumber (recorded on Nd-doped UO 2 ) to a local phonon mode associated with Ov-induced lattice distortion. The dominance of this peak in Gd-UO 2 confirms that the primary influence of RE III -doping is the creation of O V due to the need for charge compensation. Only a very small peak is observed at 640 cm becomes even more dominant over the T 2g band, Fig. 6 . Inspection of the T 2g band shows a shift to higher frequencies (445 cm −1 to 455 cm −1 ) and a Fano-type, rather than Lorentzian, line shape. Such a shift has been variously interpreted. For the RE III -doped CeO 2 this shift was attributed to the increasing presence of O V , 46 whereas for non-stoichiometric UO 2 a similar shift was attributed to the clustering of O I due to cuboctahedral formation as UO 2 converted to U 4 O 9 .
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For high degrees of non-stoichiometry this broadened peak could be deconvoluted into peaks at 445 cm −1 and a second peak at 470 cm −1 , 8 which was shown to be a characteristic feature of the distortion to a tetragonal phase. Deconvolution of the broad band between 500 cm −1 and 700 cm −1 yields the same three peaks observed for Gd-UO 2 with the peak at 540 cm −1 dominant, Fig. 7c . The ratio of the intensities of the 540 cm
and 570 cm −1 peaks is approximately the same as for Gd-UO 2 , and the peak at 640 cm −1 is effectively absent.
General Raman features.- Figure 8 shows the ratio between the areas of the T 2g peak (445 cm −1 ) and the peak at 540 cm −1 . Since the T 2g peak is characteristic of the undisturbed fluorite lattice and the 540 cm −1 peak is attributed to the creation of O V associated with the RE III dopant, the ratio of these two peaks is commonly taken as a measure of the number of such vacancies. 47, 48 The ratio changes in the sequence.
SIMFUEL > Gd-UO 2 ∼ Dy-UO 2 [4] A second feature worth noting is that the decrease in intensity of the minor broad peak around 155 cm −1 follows this same sequence. This peak has been related to the change in unit cell size in U 4 O 9 9 and, by comparison to ZrO 2 spectra, to a distortion of the U sublattice associated with the transition to tetragonal U 3 O 7 .
8 Some XRD evidence was offered in support of this claim. Although a peak in this wavelength range cannot be attributed to the presence of the significant amounts of O I that would be required to form U 4 O 9 /U 3 O 7 , the loss of intensity suggests a decreasing tendency to form the distorted structures associated with the clustering of O I ions. Figure 9 shows fitted and deconvoluted U4f spectra for two of the freshly polished electrodes (UO 2.002 and Gd-UO 2 ). Similar spectra were obtained for the other two electrodes. These spectra serve to characterize the surface properties of the ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 129.100.60.113 Downloaded on 2013-12-28 to IP electrodes. Table I shows the relative surface fractions of U IV , U V and U VI . The distribution of oxidation states in the surfaces of the UO 2.002 and SIMFUEL electrodes are similar suggesting that light RE III doping (up to 1.5 at%) does not significantly perturb the surface composition consistent with the similar electrochemical reactivities observed on these two electrodes, Fig. 4 .
General XPS features.-
The two RE III doped electrodes exhibit higher U V and U VI contents. This difference between the Gd-UO 2 /Dy-UO 2 and UO 2.002 /SIMFUEL electrodes is significant and not simply due to the slight air oxidation on the short, but inevitable, exposure to air when the specimen is transferred from the electrochemical cell to the spectrometer. An increase in U V content accompanied by increased non-stoichiometry has been shown to lead to increased electrochemical reactivity, 7, 35 but the opposite is observed for the Gd-UO 2 /Dy-UO 2 electrodes, the reactivity decreasing with RE III , Fig. 4 . The relatively small changes in U V content of the Gd-UO 2 and Dy-UO 2 surfaces suggest that charge compensation on the electrode surfaces (on introducing RE III ) is most likely due to the enhanced concentration of O V as indicated by the Raman analyses. It is also possible this slight enhancement reflects the presence of the second U V RE III O 2 phase described by Desgranges et al. 25 Whether or not the higher U V in the Gd-UO 2 surface compared to that in the Dy-UO 2 surface accounts for the extremely low electrochemical reactivity of this electrode, Fig. 4 , cannot be confirmed based on the small compositional difference observed, Table I .
Discussion
The plots in Fig. 4 show the influence of the changes in electrode composition on the anodic oxidation reaction. At a potential of 0 V, the electrode would be expected to be oxidized to UO 2+x 27 and the current to reflect, approximately, the rate and extent of the first step in equation 3 (UO 2 → UO 2+x ). At 0.3 V, the currents would be representative of the rate of the second step (UO 2+x → UO 3 .yH 2 O/UO 2 2+ ). While this separation is somewhat arbitrary, it can be used to illustrate the influence of doping on both stages of the surface oxidation / conversion / dissolution reaction. In this regard electrochemical oxidation in an aqueous environment follows a similar two step reaction sequence to that observed for air oxidation.
Based on the Raman and XPS analyses, the lower electrochemical reactivity of the two RE III -doped electrodes compared to the UO The more heavily doped Dy-UO 2 would be expected to be even less reactive than the Gd-UO 2 if anodic reactivity was controlled solely by the influence of RE III -O V clustering. However, the electrochemical behavior (Figs. 4 and 5) does not support this, the Dy-UO 2 being more reactive for both stages of anodic oxidation, reaction 3. The ionic radius of Dy is slightly less than that of Gd making it more incompatible with the UO 2 matrix. The low intensity of the 455 cm
peak and the total absence of the 1150 cm −1 peak confirm the greater extent of disorder in the Dy-UO 2 electrode compared to the other two electrodes but provide no detailed explanation for this decreased reactivity.
Andersson et al 51 studied the influence of different trivalent dopants on the ionic conductivity of O ions in CeO 2 and predicted that the optimum dopant combinations to improve conductivity, and hence catalytic activity, would be Nd/Sm and Pr/Gd. While this is the opposite influence to the decreased ionic conductivity required to suppress UO 2 oxidation, similar calculations and/or experimental data would be required if the difference in susceptibility to anodic oxidation due to RE III -doping is to be more clearly understood. While the number of dopant-vacancy clusters in SIMFUEL, as indicated by the ratio A 455 /A 540 (Fig. 8) , is consistent with the higher anodic reactivity of this electrode, Figs. 4 and 5, a number of ambiguities exist, in particular the origin of the Raman peak at 640 cm −1 . As noted above, a peak around this wavelength has been assigned to the presence of the cuboctahedral clusters associated with the presence of U 4 O 9 . However, the presence of such clusters is associated with a much higher anodic reactivity than observed on the 1.5 at% SIMFUEL used in this study. 52, 53 The previous study with SIMFUELs showed that this peak at 640 cm −1 increased in relative intensity while that for the peak at 540 cm −1 decreased 6 as the degree of simulated burn-up (increase in doping level) was increased. This decrease in relative intensity of the 540 cm Irrespective of this influence, this does not explain the greater importance of the peak at 640 cm −1 as the doping content increases. As noted above, the SIMFUEL also contains Zr IV , the content of which also increases as the degree of simulated burn-up increases. The cation, Zr IV , has an ionic radius significantly less than that of U IV and because of this size, differential exerts a large, effectively controlling, influence on the lattice dimensions of irradiated nuclear fuel 6 Fig. 7a . Since Zr IV doping also leads to a decrease in lattice parameter it would be expected to stabilize the UO 2 lattice against anodic oxidation and, by analogy, air oxidation.
Conclusions
Two RE III -doped UO 2 electrodes, an undoped and a lightly doped SIMFUEL (1.5 at%) have been characterized by Raman spectroscopy, XPS and cyclic voltammetry. The electrochemical reactivity decreased in the order UO 2 > SIMFUEL > Dy-UO 2 > Gd-UO 2 . While this sequence shows a decrease in reactivity with increase in RE III doping, the reactivity is not directly related to the RE III content suggesting a presently unknown influence of either the nature of the dopant or the overall extent of doping.
Voltammetry shows that doping suppresses both stages of anodic oxidation; matrix oxidation (UO 2 → UO 2+x ) and its further oxidation to soluble U VI (as UO 2 2+ ). The second step appears to be more influenced than the first. This is consistent with the influence of RE III doping on the kinetics of air oxidation which also proceeds in two stages (UO 2 → U 3 O 7 /U 4 O 9 → U 3 O 8 ).
Raman spectroscopy shows the structure becomes increasingly dominated by the presence of RE III -O V clusters as the doping level increases. This decreases the number of O V available to accommodate the injection of the O I required for oxidation to occur.
The Raman spectra recorded on the SIMFUEL suggests the behavior of this matrix is strongly influenced by the lattice contraction caused by the formation of Zr-O 8 clusters. The influence of these clusters on the reactivity of the UO 2 matrix remains to be characterized.
